Members of the glutamine synthetase (GS) gene family have now been characterized in many crop species such as wheat, rice, and maize. Studies have shown that cytosolic GS isoforms are involved in nitrogen remobilization during leaf senescence and emphasized a role in seed production particularly in small grain crop species. Data from the sequencing of genomes for model crops and expressed sequence tag (EST) libraries from non-model species have strengthened the idea that the cytosolic GS genes are organized in three functionally and phylogenetically conserved subfamilies. Using a bioinformatic approach, the considerable publicly available information on high throughput gene expression was mined to search for genes having patterns of expression similar to GS. Interesting new hypotheses have emerged from searching for co-expressed genes across multiple unfiltered experimental data sets in rice. This approach should inform new experimental designs and studies to explore the regulation of the GS gene family further. It is expected that understanding the regulation of GS under varied climatic conditions will emerge as an important new area considering the results from recent studies that have shown nitrogen assimilation to be critical to plant acclimation to high CO 2 concentrations.
Introduction
Gaining a comprehensive understanding of nitrogen (N) assimilation and remobilization is important for developing new crop cultivars with improved N use efficiency (NUE) which maintain yield at lowered fertilizer inputs. This is a key strategy necessary for the sustainable farming of crops whilst maintaining or even improving yield potential to provide food for future human populations. Another imperative is to design crop cultivars capable of coping with changing climatic conditions since a recent study has shown that the assimilation of nitrate may be inhibited in wheat acclimated to a high atmospheric CO 2 concentration (Bloom et al., 2010) . A key enzyme of N assimilation and remobilization is glutamine synthetase (GS), which catalyses the fixation of the inorganic N compound, ammonium, to form the amino acid glutamine (Cren and Hirel, 1999; Bernard and Habash, 2009) . Together with glutamate synthase (GOGAT), it forms the GS-GOGAT cycle that is the only route for ammonium assimilation in plants. The focus of this review is on new results and trends in varied grass species, identifying important gaps in our knowledge, and demonstrating the potential for a systems-based approach in studying N metabolism. Arguments are put forward for an integrated approach for the study of key metabolic enzymes to scale the function towards higher levels necessary for understanding complex genetic traits such as NUE.
GS in plants is encoded by a small gene family
Three GS types, GSI, GSII, and GSIII, have been identified in eukaryotes and prokaryotes. Based on sequence similarity, no GSIII could be found in plant genomes that have been fully sequenced. Both GSI and GSII types have been identified in many eudicot and monocot plant species. GSI was first reported as being widespread in plants in 2000 (Mathis et al., 2000) and, since then, only one single gene belonging to the GSI type has been found in the genome of Brachypodium distachyon, barley, rice, sorghum, and maize (Table 1) . GSI genes tend to be longer than the genes belonging to the GSII type. For example, the length of the GSI gene in Brachypodium is 7976 bp, while the length of GSII-encoding genes varies between 2934 bp for GSe and 5546 for GS2. (See Table 2 ). Evidence for splice variants for the GSI genes could be found in rice and maize. The GSI gene encodes a putative peptide that is between 835 and 842 amino acid residues long with a molecular weight of ;93 kDa (Table 1) . This is larger than the bacterial GSI and plant GSII that tend to be ;52 kDa and between 39 kDa and 42 kDa, respectively. The plant GSI peptide includes the glutamine synthetase catalytic domain (pfam00120) towards the C-terminal end of the peptide. The peptide includes an additional domain that has been identified as an amidohydro domain (pfam04909). Analysis with SignalP and TargetP (Emanuelsson et al., 2000; Bendtsen et al., 2004) identified no specific target signal or cleavage site on the GSI peptides, suggesting that plant GSI is located in the cytosol. Plant GSI shows similarities to the FluG protein in fungus. In Aspergillus nidulans, FluG is believed to produce a small molecule that acts as a diffusible extracellular signal during the initiation of conidiation (Lee and Adams, 1994) . Many expressed sequence tags (ESTs) support the GSI gene models for Poaceae, thus establishing that it is expressed. Thus far, there is no report of a functional GSI protein in plants. Interestingly, to our knowledge no publication has focused on understanding the role of GSI in N metabolism in plants, and so far little is known about the function of the GSI gene product in plant; this is a potentially important area for future research.
The most commonly studied GS genes in plants belong to the GSII type. A single gene encodes the plastidic isoform of GS (GS2) which is primarily located and active in the chloroplast, but some level of activity was also found in the mitochondria (Taira et al., 2004) . However, the level of GS activity in the mitochondria was found to be insignificant in spinach (Keys et al., 1978; Wallsgrove et al., 1980) . In the model grass species Brachypodium, evidence supports the presence of three splice variants for GS2. Alternative transcripts differ mainly in the length of the first exon in the 5#-untranslated region (UTR) and the length of the first exon in the coding sequence. The putative peptide encoded by one GS2 splice variant is of a similar size to the cytosolic GS (Table 2 ). This peptide lacks a large portion of the transit peptide and is probably not located in the chloroplast. In many publications, the intensity of the bands at 39 kDa and 45 kDa visualized on western blots has been used to assess the abundance of chloroplastic and cytosolic GS in different plant tissues. However, in Brachypodium, some of the GS peptide migrating at 39 kDa may correspond to the chloroplastic isoform.
In Poaceae, the number of genes encoding cytosolic GS varies between three and five; wheat (GS1, GSr, and GSe), rice (GS1;1, GS1;2, and GS1;3), and maize (Gln1-1, Gln1-2, Gln1-3, Gln1-4, and Gln1-5). In Brachypodium, there is no evidence of splice variants for the cytosolic GS genes, thus far. At the nucleotide level, cytosolic GS-coding sequences are between 76.5% and 82.3% identical. At the amino acid level, the percentage similarity varies between 78.7% and Table 1 . Details and accession number for full length GSI-type coding sequences (CDS) available in Poaceae species Evidence of splice variants was found for the rice and maize genes. The gene length given for Hordeum vulgare is actually the length of the available clone. M r and pI values were estimated using the web-based server at http://ca.expasy.org/tools/pi_tool.html. 83.1% while the percentage identity varies between 88.1% and 93%. Overall, GS1 sequences tended to be more similar to those encoding GSr rather than those encoding GSe. These results are similar to the wheat GS gene family (Bernard et al., 2008) . In plants, GSII peptides are arranged in a decameric structure to form a functional enzyme (Unno et al., 2006; Seabra et al., 2009) . In this structure, two pentameric rings are positioned face to face and form a total of 10 active sites, each between two neighbouring subunits within each ring (Unno et al., 2006) . Each active site contains three divalent cations (Mn 2+ or Mg 2+ ) in the middle of the catalytic cleft. While the structure of plant GSII differs from that of bacterial GS, the structure of plant GSI remains unknown.
Phylogenetic analyses of GS sequences in plants from the Poaceae family
Phylogenetic analyses of GS protein sequences have shown that the duplication, from which the genes encoding the chloroplast and cytosolic GS gene emerged, occurred prior to the split between monocot and eudicot species (Bernard et al., 2008) . However, the relatedness of cytosolic GS genes was difficult to assess with sequences from six species. New phylogenetic analysis of GS sequences retrieved from GenBank and plant transcript assembly databases (Childs et al., 2007) gave further information on the evolution of the GS genes, in particular those encoding the cytosolic isoform. Sequences were collected from 14 Poaceae species that belong to three subfamilies, Panicoideae, Pooideae, and Ehrhartoideae. The topologies of the trees obtained with distance, parsimony, and likelihood phylogeny inference methods were similar overall. The consensus tree obtained using a likelihood method is shown in Fig. 1 . Five monophyletic groups could be established and were supported with high bootstrap values. One clade corresponded to the GSI type while four additional clades included sequences encoding the GSII type. As shown before, the cytosolic GS genes clustered in three phylogenetically distinct groups corresponding to GS1, GSr, and GSe (Hirel et al., 2007; Bernard et al., 2008) . Interestingly, the new phylogenetic analysis also supports a clade including the GS1 and GSe groups, thus suggesting that these groups are more related to each other than to the GSr group (Fig. 1) . Within each GS subfamily, sequences clustered based on the phylogeny established for grass species (Gaut, 2002) . This suggests that the three cytosolic GS subfamilies evolved before the split between the Poaceae subfamilies. Sequences belonging to the rice species were more difficult to position in the phylogenetic tree as these were the only representatives of the Ehrhartoideae subfamily. It is expected that the sequences from other species from this subfamily will cluster with the sequences from rice. Interestingly, maize remains the only species so far with more than one representative gene in the GS1 and GSr subfamilies, which is due to duplications of an ancestral genome.
GS regulation and function
Forward and reverse genetic approaches have been employed to study the biochemical and physiological roles of the GS gene family. Various reviews have detailed these efforts and therefore the current knowledge is only summarized. Chloroplastic GS (GS2) is primarily responsible for assimilating ammonia arising from photorespiration and nitrate reduction in photosynthetic tissue; GS2 was also found in roots where it may be important for ammonium assimilation from nitrate reduction in legumes (Woodall and Forde, 1996; Zozaya-Hinchliffe et al., 2005) . Three groups of cytosolic GS isozymes are responsible for assimilating ammonia arising from additional sources such as phenylpropanoid biosynthesis, proteolysis, N remobilization, and N 2 reduction in nodules (for a review, see Bernard and Habash, 2009) . Strong evidence has linked GS1 genes with grain filling in rice and maize by using targeted cytosolic GS mutants (Tabuchi et al., 2005; Martin et al., 2006) . The various physiological functions of GS necessitate complex regulatory control of GS transcription, translation, and post-translational aspects. This is conceptualized and discussed in a model describing the function of the GS gene family in terms of development, tissue and cell type, metabolic and environmental matrix (Miflin and Habash, 2002; Bernard and Habash, 2009 ). Localization of the GS gene family, both expression and protein abundance, to specific cell and tissue types encouraged assignation of a specific physiological function. In rice the cytosolic isozymes are tissue specific and in roots OsGS1;2 colocalized with ammonium transporters and GOGAT to enable efficient assimilation of ammonia (Tabuchi et al., 2007) . New developments in our laboratories have optimized laser capture microscopy (Nakazono et al., 2003) for the isolation of cell-specific RNA to enable exploration and identification of gene expression of particular cell types in wheat leaves. Mesophyll RNA was successfully isolated from fixed and cryo-sectioned wheat leaves, the cDNA was amplified and a qPCR profile for GS isozymes in mesophyll cells was established (D. Z. Habash et al., unpublished results) . The results confirm previous in situ hybridization data (Bernard et al., 2008) on the mesophyll-specific localization of GS2 in non-senescing wheat leaves and the lack of GS1 in this cell type. Future studies will target the application of high throughput genomic technologies, specifically global transcript studies, to specific cell types as a promising and potentially powerful new approach to further our understanding of biological function (Nakazono et al., 2003; Jiao et al., 2009) .
While the role of cytosolic GS has been studied in the senescing leaves of annual grass species and deciduous trees (Andersson et al., 2004) , little is known about its role in remobilization in perennial grasses. In the energy crop reed canary grass (Phalaris arundinacea L.) the rhizome N content increased during the growing season and remained high over the winter (Xiong et al., 2009) . If glutamine is a major compound used for N translocation from above-to below-ground plant parts, then cytosolic GS must have a major role in N translocation in rhizomatous grasses. Likewise, depending on the nature of the storage and transport compounds in the root system or rhizome, GS may also be involved in remobilization of N for supporting shoot re-growth after defoliation. In the perennial grass Lolium perenne, two genes encoding cytosolic GS were identified from screening an EST library (Nord-Larsen et al., 2009) . Both LpGS1a and LpGS1b were expressed in the roots and were regulated differentially depending on the level and nature of the N compound in the nutrient solution. However, the role of these two cytosolic GS genes in the remobilization towards the root was not discussed.
Exploring GS gene co-expression networks using systems-based approaches
Unprecedented opportunities now exist for mining a considerable body of information and knowledge available in the public domain. Bioinformatic approaches and studies can play an important role in the system-based in silico Fig. 1 . Unrooted phylogenetic tree of GS protein sequences from plant species of the Poaceae family. The proml analysis was used with a JTT model for amino acid change in the phylogeny inference package (Phylip 3.67; Felsenstein, 1989) . The tree was calculated using the maximum likelihood method, with ZmGSI as the outgroup. Trees with similar topologies were obtained with parsimony and distance methods. The reliabilities of each branch point were assessed by bootstrap analysis (100 replicates), and bootstrap values are displayed on the tree. GenBank accession number and transcript assembly number for each sequence used in the tree are listed below. Brachypodium distachyon: BdGS1, Bradi3g59970; BdGS2, Bradi5g24550; BdGSe, Bradi1g11450; BdGSI, Bradi3g27880; BdGSr, Bradi1g69530. Festuca arundinacea: FaGS2, TA701_4606; FaGSI, TA2341_4606. Hordeum vulgare: HvGS1, Q06378; HvGS2, P13564; HvGSI, AK252215. Lolium perenne: LpGS1a, ACR45959; LpGS1b, ACR45960. Oryza sativa: OsGS1;1, Os02g50240; OsGS1;2, Os03g12290; OsGS1;3, AAK18848; OsGS2, Os04g56400; OsGSI, Os10g31820. Oryza sativa Indica: OsIGln1;3, EEC76061; OsIGSI, EEC67088. Panicum virgatum: PvGS1, TA1886_38727. Sorghum bicolor: SbGS1, Sb04g028690; SbGS2, Sb06g031460; SbGSe, Sb01g010270; SbGSI, Sb01g020230; SbGSr, Sb01g042450. Saccharum officinarum: SoGS1, AAW21273; SoGSe, AAW21275; SoGSI, AAW21277; SoGSr, TA36550_4547. Sorghum propinquum: SpGS1, TA3613_132711. Triticum aestivum: TaGS1, AAZ30057; TaGS2, AAZ30060; TaGSe, AAR84349; TaGSI, TA75518_4565; TaGSr, AAR84347. Triticum monococcum: TmGS2, TA2112_4568. Zea mays: ZmGln1-1, P38559; ZmGln1-2, CAA46720; ZmGln1-5, P38563; ZmGln1-3, CAA46721; ZmGln1-4, CAA46722; ZmGS2, CAA46724; ZmGSI, GRMZM2G115646. Avena barbata, AbGS2, AbGSr, and AbGS1 were assembled from ESTs.
exploration of gene function and hypothesis testing (Brady and Provart, 2009) . A large number of data sets from diverse studies of gene expression using arrays on several plant species are now available for study. These data have been mined using online databases and programs that integrate large-scale expression profiling data sets from rice and Arabidopsis and enable the exploration of gene networks involving the members of the GS gene family. The principle of guilt-by-association, which states that 'gene coexpression might indicate shared regulatory mechanisms and roles in related biological processes', was used (Adler et al., 2009) . This principle has been proved useful as demonstrated by several studies in yeast (Hughes et al., 2000) , human (Lee et al., 2004) , combined multiple species (Stuart et al., 2003; Wolfe et al., 2005) , and plants (Jen et al., 2006; Aoki et al., 2007; Fukushima et al., 2009; Usadel et al., 2009) . Here the initial results of such an in silico exercise are reported to demonstrate the potential for exploiting these data to generate new hypotheses and inform further studies.
The identity of the genes most highly co-expressed with the rice GS gene family was explored using the rice OryzaExpress database http://riceball.lab.nig.ac.jp/oryzaexpress /index.php (Suwabe and Yano, 2008) . The gene expression network database which enables the global exploration of genes co-expressed and correlated with a gene of interest, in this case each member of the rice GS gene family (http:// riceball.lab.nig.ac.jp/Rice_network_public/script/index.html), was investigated. This database utilizes gene expression results from multiple experiments totalling 412 diverse experimental data sets obtained using the oligonucleotide microarray platform 'Affymetrix Rice Genome Array'. These data sets were obtained from a wide and unfiltered range of experimental treatments covering abiotic and biotic stresses, developmental, tissue type, transgenic, and cultivar-specific conditions (for full details for each experiment go to http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc¼GPL2025). The Affymetrix annotation of probe to gene sequence identity was utilized. Data were normalized and the Pearson's correlation coefficient was calculated between each gene and a member of the GS gene family to identify the top 100 highly positively co-expressed genes (i.e. Pearson's correlation coefficient, r >0.7). Results that showed a measure of statistical significance beyond noise or randomness were examined. The top 100 most highly co-expressed genes were chosen using co-expression analysis referred to as 'condition independent' (Aoki et al. 2007) ; that is, using a large number of experimental treatments without any filtering for tissue, age, stress, or other condition. This introduces a strict criterion for searching for 'real' biological relationships. The top 100 coexpressed genes which restricted the Pearson's correlation coefficient threshold to correlations >0.7 were chosen, and in fact most of the results were between 0.8 and 0.9. The use of Pearson's correlation coefficients >0.7 cut-off threshold is a strong statistical correlation and matches the criterion of 'top list' employed in several programs designed for exploring gene co-expression in plants (Usadel et al., 2009 ). Griffith et al. (2005) also showed that such a minimum cutoff threshold gave a high percentage of gene pairs with a common GO term. The results were then imported into the MapMan program which provides a modular system to visualize them in the context of known metabolic pathways accessible for biologists (http://mapman.gabipd.org/web/ guest; Thimm et al., 2004) . The aim of this review was not to identify specific highly correlated genes but to explore patterns of co-correlated metabolic pathways and to demonstrate the potential of this methodology in uncovering clues for further experimentation and study of GS regulation.
The result of such an in silico exercise, focusing on positive co-expression, showed distinct differences in coexpression between chloroplastic and cytosolic GS genes and genes coding for proteins primarily in the photosynthetic and primary metabolic pathways (Fig. 2) . As expected, GS2 was strongly (r >0.80) correlated with genes coding for proteins involved in photosynthetic light reactions, ATP synthase, the Calvin cycle, photorespiration, tetrapyrrole, starch, and sucrose metabolism, the tricarboxylic acid (TCA), and amino acid metabolism, specifically GOGAT and alanine aminotransferase (Fig. 2) . Cytosolic genes were correlated with a different combination of genes. GS1;1 was positively correlated with genes coding for proteins in cell wall, nucleotide, amino acid, TCA, and lipid metabolism, and was the only cytosolic GS isozyme to also be correlated with proteins in ATP synthase-light reactions and redox control. GS1;3 was positively correlated with genes coding for proteins involved in starch, carbohydrate, and lipid metabolism, and the TCA cycle. GS1;2 was positively correlated with genes coding for proteins involved in minor sugar, lipid, and amino acid metabolism, including flavonoid metabolism and the TCA cycle.
Results also uncovered very distinct regulatory profiles for genes co-expressed with GS2 and the cytosolic GS genes (Fig. 3) . Overall each member of the GS genes was coexpressed with genes involved in transcriptional regulation, protein modification (except GS1;3), and degradation. However, and within the constraints of the data queried (correlation cut-off point and 100 top hits), the co-expressed regulatory genes were specific to each GS gene family member. GS2 was co-expressed with C2C2-CO-like protein and with a putative mRNA-binding protein. GS1;1 was coexpressed with an AP2-EREBP-type transcription factor and a DHHC zinc finger domain-containing protein. GS1;2 and GS1;3 were co-expressed with a wider range of transcriptional regulators. GS1;2 was co-expressed with probes coding for proteins in bHLH, HB, bZIP, C2C2-CO like, C2H2, and NAC transcription factor families, whilst GS1;3 was co-expressed with genes coding for proteins in E2F-DP, bZIP, C3H, NAC, and CCAAT-HAP2 transcription factor families, and an F-box domaincontaining protein which is critical for the controlled degradation of cellular proteins. Furthermore, the gene family also differed in co-expression with genes coding for protein modification, and GS1;2 was the only isozyme to show strong co-expression with proteins coding for receptor kinases. Co-expression was also found between all the cytosolic isozymes and genes involved in abscisic acid (ABA) biosynthesis, with GS1;2 and GS1;1 also showing co-expression with indole acetic acid (IAA) and ethylene hormone metabolism; no such profiles were obtained for GS2.
Overall and qualitatively, these results were similar to those obtained in another data-mining exercise involving the Arabidopsis thaliana GS gene family (results not shown) using a comparable database for Arabidopsis. This suggests that some roles and regulatory mechanisms for cytosolic and chloroplastic GS may be conserved between distantly related plant species. Whilst these are only preliminary in silico results, experiments should now be designed to test the hypotheses generated from this exercise: (i) Hypothesis 1: Each member of the GS gene family has a distinct profile of transcriptional control.
(ii) Hypothesis 2: GS1;2 is uniquely co-regulated with genes coding for receptor kinases and G proteins.
(iii) Hypothesis 3: cytosolic GS transcription is co-regulated with genes coding for the hormones ABA, IAA, and ethylene.
(iv) Hypothesis 4: GS1;1 is uniquely co-regulated with genes coding for cell wall synthesis.
These results demonstrate the power of this approach in generating ideas and hypotheses relating to the possible regulatory networks for GS and provide new insights into the system-level understanding of plant cellular processes. Fig. 2 . Mapping and visualization using MapMan software of an overview of the genes involved in plant metabolism that are positively co-expressed with those of chloroplastic GS2 and the three cytosolic GS isozymes GS1;1, GS1;2, and GS1;3 in rice. Each red square highlights a gene or probe that was positively co-expressed with each GS gene using Pearson's correlation coefficient >0.7. Probes identified by the red squares do not correspond across the different GS isozymes.
Ultimately, the results should be validated using targeted experiments and interpreted using our biological knowledge. This approach could be very powerful if coupled to cell-specific studies towards creating a cell-specific gene expression atlas in plant tissue, which will uncover and dissect gene networks specifically operating in space and time. Understanding how GS is regulated in all cell types within different tissues and organs will be important to understand how efficiently crop plants can use the available nitrogen.
Contribution of GS to N use in cereal crops
N use can be defined as grain yield per N available (from soil and reduction of atmospheric N 2 ) for a given cereal crop. It can also be defined in terms of its component parts N utilization efficiency and N uptake efficiency. Each of these can be further subdivided into a myriad of components, pathways, and networks at all levels of organization from the molecular to the cell, tissue, organ, plant, and, ultimately, crop. Because N use and its component traits of N utilization efficiency and N uptake efficiency are complex and quantitative in nature, then understanding the genetic basis for these processes is critical in developing our knowledge and in producing material (germplasm, ideotypes, and molecular markers) suitable for breeding programmes.
The developments in molecular marker technology and the creation of segregating mapping populations have offered new opportunities to discover genetic loci statistically correlated with traits relating to N use in crop plants. It also enables exploration of the relationship between Fig. 3 . Mapping and visualization using MapMan software of an overview of the genes involved in regulation that are positively co-expressed with those of chloroplastic GS2 and the three cytosolic GS isozymes GS1;1, GS1;2, and GS1;3 in rice. Each red square highlights a gene or probe that was positively co-expressed with each GS genes using Pearson's correlation coefficient >0.7. Probes identified by the red squares do not correspond across the different GS isozymes.
multiple traits relevant to N use such as GS and leaf area/ stay green/grain filling. Results from such genetic linkage studies using segregating mapping populations have implicated cytosolic GS genes with grain production in the three major cereal crops (Table 3) . In maize, coincidences of quantitative trait loci (QTLs) were found for GS activity and grain yield (Gallais and Hirel, 2004; Hirel et al., 2007; Fontaine et al., 2009) , N uptake, root architecture, and senescence (Coque et al., 2008) . Significant correlations were obtained between grain number/size and a locus for cytosolic GS protein content in rice (OsGln1;1; Obara et al., 2001 Obara et al., , 2004 . Similar statistical associations were also uncovered in wheat using a bread wheat doubled haploid population made from the land race Chinese Spring and an ex-breeding line SQ1 known to segregate for yield under stressful conditions (Quarrie et al., 2005; Habash et al., 2007) . In wheat, total leaf GS activity (including both chloroplastic and cytosolic isoforms) was shown to be positively correlated with grain and stem N content (Habash et al., 2007) , and coincidences were identified for loci between GS isozymes and multiple traits relating to C, N, and dry weight content, partitioning, and remobilization (D. Z. Habash et al., unpublished results) . Most importantly, the coincidences and overall patterns of results uncovered in wheat by Habash et al. (2007) in one mapping population for QTLs relating to the GS mapped genes and N use were similar to those uncovered in another totally different bread wheat mapping population recently studied under field conditions (Fontaine et al., 2009) . Furthermore, both of the latter two studies in wheat highlighted that several QTLs were also identified for GS activity not associated with the mapped GS genes. This was argued to be due to as yet unknown trans-regulatory elements across the genome affecting GS function, which lends further support to the idea that the GS gene family is under posttranscriptional regulation. Fine mapping such regions should be a target in future studies to enable new aspects of the GS regulatory matrix to be unravelled.
Taken together, these genetic studies provided yet another important conclusion with regards to the wider question of GS, N use, and yield in cereals. It was clear from the results in wheat and maize, where multiple traits relating to N use were also genetically dissected, that improved or enhanced performance of one recombinant line depended on several genetic factors or QTLs and rarely on one single component. For example, in wheat, it was demonstrated that high GS activity on its own is not the only prerequisite for high grain N or yield; what was necessary is the combination of other traits (early flowering time, small tiller number) with high GS activity. This will probably be specific to genetic backgrounds, environments, and agronomic systems of crop management. Similar conclusions were also drawn from experience in the study of water use in wheat where it was shown that various strategies can be employed by plants to resist water stress (Fleury et al., 2010) .
Function of GS under changing climate
Given the central role of GS in primary metabolism, understanding how environmental conditions affect GS is critical to our understanding of plant response to climate change. While an increased atmospheric CO 2 concentration and increased temperature are the most certain predicted changes, variability in water availability is also highly likely to occur (IPCC, 2007) . A number of studies have shown that both the chloroplastic and cytosolic isoforms of GS are affected by abiotic stress (for a review, see Bernard and Habash, 2009 ). However, changes in environmental conditions due to climate change are likely to vary in intensity and frequency compared with an acute stress applied in Habash et al. (2007) . b Gallais and Hirel (2004) . c Obara et al. (2001) . d Coque et al. (2008) .
controlled conditions. The plant's response to climate change is likely to differ to its response to acute abiotic stress. In addition, under projected climate change scenarios, several factors may be affected such as warming and changes in precipitation patterns, rather than a single stress. Plant metabolism, and GS in particular, may be regulated differentially under new combinations of environmental conditions compared with individual stress conditions. GS is regulated by the N availability in the soil and the plant N status. In managed and unmanaged ecosystems, N availability may increase in the future. Human activities such as the production of fertilizer using the Haber-Bosch process and burning of fossil fuel have increased the availability of reduced N species over the last 100 years (Galloway and Cowling, 2002) . The rate of N deposition on the Earth's surface is on average 1 g N m À2 year À1 and could level off at 4-6 g N m À2 year À1 during the next century (Prather et al., 2001; Galloway and Cowling, 2002) . Since N is a limiting nutrient for plant growth in many ecosystems (Vitousek and Howarth, 1991) , it is important to understand how increased N availability will affect a plant's metabolism in its natural ecosystem. In A. thaliana, N remobilization increased under N-limiting conditions (Lemaitre et al., 2008) . Under those conditions, it can be expected to see a high level of transcript and activity for the GS isoforms that are involved in N remobilization. In the leaves of L. perenne and wheat, GS1 expression increased in response to N starvation and declined after N addition (Nord-Larsen et al., 2010) . The location of N assimilation may vary depending on the level of available N. Under N starvation, GSr was up-regulated in the roots and slightly down-regulated in the leaves for both L. perenne and Triticum aestivum. A number of grass species have been shown to harbour N-fixing endophytes in the roots, stems, and leaves. In the leaves of field-grown sugarcane plants, the mRNA levels of scGS1.b (corresponding to SoGS1) were higher in a genotype with high biological N fixation (BNF) compared with a low BNF genotype (Nogueira et al., 2005) . This could be due to differential regulation between genotypes and not only due to differential levels in BNF. In fact, when the two sugarcane genotypes were grown in vitro, the GS genes were differentially regulated in response to varied N availability. GS transcription and activity must be finely regulated to respond to potentially new sources of ammonium in planta.
The main short-term and long-term effects of increased atmospheric CO 2 levels have been the stimulation of plant photosynthesis and carbon assimilation, improvement of photosynthetic N use efficiency, and a decrease in water use (Leakey et al., 2009) . These physiological and metabolic adjustments may affect the regulation of GS. In the leaves of sunflower (Helianthus annuus L.), a short exposure to high CO 2 concentration (100, 400, and 1200 ll l À1 ) led to increased activity of both GS1 and GS2 isoforms (Larios et al., 2004) . Under these conditions, photosynthesis and soluble sugar concentration were also increased, and this may constitute one mechanism by which high CO 2 led to high GS activity. Previous experiments suggested that rather than sugar content itself, GS was regulated by the balance between C and N compounds (glutamine/glutamate ratio). Increased CO 2 concentration or drought may decrease or increase photorespiration, respectively. However, photorespiration does not exert a metabolic control over the expression of GS2 expression (Beckmann et al., 1997) .
Few experiments have studied the impact of a long-term increase in temperature commensurate with levels predicted by climate models on plant metabolism. In a greenhouse experiment, a replicated grassland ecosystem (plant and soil) was subjected to an average +3°C warming of air and soil throughout the growing season. In the leaves of the dominant grass of this ecosystem, Avena barbata, GS1 was the only GS gene that was up-regulated in response to warming and only in plants grown under high water availability. The levels of GS1 transcripts were linked to the accelerated development and earlier flowering of plants grown under conditions of high rainfall and high temperature (S. M. Swarbreck et al., unpublished results). However, no change in total leaf GS activity could be noted in response to warming.
While the mechanism of regulation of GS under varied water availability remains unclear, several consequences of water scarcity may affect GS such as (i) alteration of C availability due to lower photosynthetic metabolism; (ii) oxidative stress; (iii) changes in the levels of stress-related hormone; and (iv) change in N uptake at the root level. In the leaves of A. barbata, dry conditions led to a decline in the abundance of transcripts for GS2 and GSr genes. However, total GS activity was maintained under the same conditions (S. M. Swarbreck et al., unpublished results). In the rhizomatous perennial Leymus chinensis, GS activity was lowered under severe and extreme drought conditions that had been applied for 50 d (soil relative water capacity between 35-40% and 25-30%). In addition, GS activity was lower under high temperature (29°C and 32°C compared with 23°C for ambient) when plants were subjected to dry stress. The more severe the drought the lower the GS activity under higher temperature (Xu and Zhou, 2006) . In this case, drought stress did not protect GS against further damage.
Conclusion
Whilst reductionist studies have been invaluable in expanding our understanding of GS regulation and function at the molecular and cellular level, advancing our knowledge of the function of GS to higher levels of organization necessitates integrating methodologies and a shift in thinking. 'Omic' studies allow the analysis and study of thousands of genes across matrices of experimental design and enable integration of the transcriptome, proteome, metabolome, and phenome to identify gene networks using a systems-based approach. Coupling this with genetic studies will ensure the link with complex quantitative traits that ultimately define yield in cereals. Future work should integrate the genetic maps to identify key loci for fine mapping, and the advances in sequencing technologies should accelerate the identification of candidate genes residing in these select loci.
